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ABSTRACT 
This r e p o r t  desc r ibes  t h e  progress  during t h e  5 th  q u a r t e r  of a 
program t o  i n v e s t i g a t e  t h e  c o r r e l a t i o n  of stress-wave-emission c h a r a c t e r i s t i c s  
with f r a c t u r e  i n  s e l e c t e d  aluminum a l l o y s .  During t h i s  r epor t ing  per iod ,  t he  
cryogenic t e s t i n g  of part-through-cracked (PTC) tens ion  specimens w a s  comple- 
t e d ,  t h e  p l ane - s t r a in  f r a c t u r e  toughness (K ) w a s  determined by computer, 
and t h e  stress-wave d a t a  were analyzed. 
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I. INTRODUCTION 
Previous experience has  shown t h a t  i t  i s  p o s s i b l e  t o  d e t e c t  and monitor 
s u b c r i t i c a l  crack growth by u t i l i z i n g  t ransducers  t o  d e t e c t  stress-wave e m i s -  
s i ons  which are crea ted  by the  e las t ic  energy r e l eased  when a f law propagates .  
This p r i n c i p l e ,  coupled wi th  seismic t r i a n g u l a t i o n  techniques,  has  l e d  t o  t h e  
development of t h e  Aero je t  S t r e s s  Wave Analysis  Technique (SWAT), which has  
been ex tens ive ly  employed i n  t h e  monitoring of p re s su re  vessels dur ing  hydro- 
tes t  , inc luding  P o l a r i s  ('I*, MINUTEMAN(2) , LEM(3) and 260-in. -dia  chambers ( 4 )  . 
These programs have shown t h a t  i t  is  necessary t o  c h a r a c t e r i z e  t h e  stress- 
wave emissions a s soc ia t ed  wi th  f r a c t u r e  f o r  t h e  material condi t ions  and environ- 
ments (media, loading rate, temperature,  etc.) p e c u l i a r  t o  each app l i ca t ion .  
This is necessary because of t h e  pronounced e f f e c t  such v a r i a b l e s  e x e r t  on 
metal f r a c t u r e  and the  mechanism by which i t  occurs .  Consequently, t h i s  
program w a s  undertaken t o  i n v e s t i g a t e  t h e  c o r r e l a t i o n  of stress-wave-emission 
c h a r a c t e r i s t i c s  wi th  f r a c t u r e  i n  aluminum a l l o y s  i n  environments of p a r t i c u l a r  
in terest  f o r  l i q u i d  rocke t  motor tankage. 
c o r r e l a t i o n  wi th  c r i t i c a l  f l a w  s ize  i n  these  materials, and demonstrate t h e  
p r a c t i c a l i t y  of us ing  stress-wave emissions t o  d e t e c t  crack growth and p r e d i c t  
f a i l u r e  i n  components f a b r i c a t e d  from t h e  s e l e c t e d  aluminum a l l o y s .  
The r e s u l t i n g  d a t a  w i l l  permit 
I1 a TECHNICAL DISCUSSION 
The program i s  t o  i n v e s t i g a t e  stress-wave-emission/crack-growth 
r e l a t i o n s h i p s  i n  s e l e c t e d  aluminum a l l o y s .  The program i s  d iv ided  i n t o  t h e  
fol lowing f o u r  phases : 
*References appear a t  back of text ,  
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11, Technical Discussion (cont . )  
Phase I - L i t e r a t u r e  Survey 
Phase I1 - Materials Charac te r iza t ion  and Specimen Fabr i ca t ion  
Phase I11 - Specimen Tes t ing  
Phase I V  - Data Analysis 
This r e p o r t  desc r ibes  t h e  r e s u l t s  obtained during t h e  three-month per iod of 
1 September t o  1 December 1969. All d a t a  and d a t a  a n a l y s i s  are considered 
prel iminary and s u b j e c t  t o  modi f ica t ion  i n  t h e  f i n a l  r epor t .  
A. PHASE I--LITERATURE SURVEY 
The l i t e r a t u r e  review i n i t i a t e d  a t  t h e  start of the  program i s  
continuing. No a d d i t i o n a l  information was found i n  t h i s  q u a r t e r  concerning 
stress-wave emission from aluminum-alloy weldments. 
B .  PHASE 11--SPECIMEN FABRICATION 
Completed. 
C. PHASE 111--SPECIMEN TESTING 
Completed. 
D. PHASE IV--DATA ANALYSIS 
1. Part-Through-Crack (PTC) Tension Tests 
A l l  tests were performed under a cons t an t ly  r i s i n g  load t o  
f a i l u r e  us ing  a Research Incorporated material test  system. 
t i o n  employed i s  shown i n  Figure l. A crack-opening-displacement (COD) gage 
The instrumenta- 
Page 2 
Research Inc. 
Test Machine 
Model 480-39 
@ Sensor Endevco 2213 
Oscillosco 
T ektr on i x  
e 
Tape Recorder 0 
1 1  
A @ Crack Opening Displacement Gage - Aerojet 0 Strain Gage I/ 
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Figure 1. Schematic of Instrumentation Used for Tensile Specimens 
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11, D, Phase IV--Data  Analysis  (cont . )  
w a s  a t tached  mechanically t o  many of t h e  PTC specimens as shown i n  Figure 2. 
The COD gage w a s  used t o  d e t e c t  any s u b c r i t i c a l  "pop-in" which might occur 
p r i o r  t o  f r a c t u r e  i n  t h e  part-through-crack t ens ion  specimens, as w e l l  as 
dev ia t ion  from l i n e a r i t y  i n  the  load-COD p l o t s .  
gage used f o r  t h i s  purpose cons is ted  of a f u l l  b r idge  of electric-resistance 
s t r a i n  gages mounted on a double c a n t i l e v e r .  The design of t h e  gage is  such 
t h a t  i t  i s  l i n e a r  w i t h i n  0.001 i n .  over t he  range of 0.200 t o  0.250 i n .  
Its output  was  recorded on X-Y r eco rde r s ,  as w e l l  as recorded on magnetic 
tape.  
Through t h i s  approach, a real-time, cross -cor re la ted  d a t a  record w a s  obtained 
during each test  and a l s o  t ape  recorded f o r  subsequent d a t a  ana lys i s .  
The crack-opening-displacement 
Stress-wave-emission and s t ra in-gage  d a t a  a l s o  were recorded on tape.  
The SWAT system, shown schemat ica l ly  i n  Figure 1, c o n s i s t s  
of an e l e c t r o n i c  counter  system, f i l ters,  a m p l i f i e r s ,  sensors ,  o sc i l l o scope ,  
time-code o s c i l l a t o r ,  X-Y p l o t t e r s ,  and a t ape  recorder .  With t h i s  system, a 
real-time d a t a  d i sp l ay  w a s  obtained on both X-Y p l o t t e r s  and an osc i l l o scope ,  
whi le  a l l  d a t a  were t ape  recorded,  and t i m e  and s t r a i n  were indexed versus  
load and crack-opening displacement.  The high-pass f i l t e r  is used t o  e l imina te  
a major p o r t i o n  of t h e  extraneous law-frequency background no i se  which tends t o  
mask very s m a l l  amplitude stress waves. The ampl i f i e r s  provided ampl i f i ca t ions  
6 of up t o  10 . 
2. F rac tu re  Mechanics 
The PTC tensile test has  been used by a number of i n v e s t i g a t o r s  
because t h e  s u r f a c e  crack s imula tes  a defect- type commonly observed as a source  
of s t r u c t u r a l  f a i l u r e .  The PTC t e n s i l e  test provides  a measure of t h e  plane- 
s t r a i n  f r a c t u r e  toughness (K ). 
I C  
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C L \\ 2 Places 
Weld Part-Through-Crack 
(When Required) 
Knife Edge Attachments 
Sect ion  A - A 
Figure  2 .  Part-Through-Crack Tension Specimen and Knife-Edge 
Attachments t o  Accommodate t h e  Crack-Opening- 
Displacement Gage 
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11, D, Phase IV--Data  Analysis  (cont . )  
The p lane-s t ra in  va lue  of f r a c t u r e  toughness is gene ra l ly  
considered a more fundamental u n i t  of f r a c t u r e  toughness than t h e  plane- 
stress va lue  because,  w i t h i n  c e r t a i n  l i m i t s  of crack s i z e ,  i t  is  independent 
of specimen dimensions. Furthermore, p l ane - s t r a in  f r a c t u r e  toughness is  
concerned wi th  t h e  most dangerous type of f law;  v i z ,  a f law which i n i t i a t e s  
c a t a s t r o p h i c  f r a c t u r e  be fo re  growing through t h e  th ickness  With such a f law,  
both i n i t i a l  growth and i n s t a b i l i t y  are con t ro l l ed  by t h e  p lane-s t ra in  f r a c t u r e  
toughness KIce 
The express ion  used f o r  c a l c u l a t i n g  t h e  p l ane - s t r a in  f r a c t u r e  
toughness va lue  w a s :  
= FG(1.21.rr AO)1/2/$ KIc 
where FG = gross  stress and 4 i s  t h e  commonly t abu la t ed  e l l i p t i c  i n t e g r a l  
p 2  
0 
( 1  - k2 s inz@)l /z  de 
where k = 1-(AO/C)2, and C and A0 are one h a l f  t h e  major and minor axes 
r e spec t ive ly ,  of an  e l l i p s e .  With a plast ic-zone c o r r e l a t i o n ,  t h e  equat ion 
becomes 
= FG(1.217~ AO)1/2/ [ + 2  - 0.212 (FG/FTY) 2 ] 1 / 2  
KIc 
I f  t h e  e l l i p t i c - i n t e g r a l  func t ion  and p las t ic -zone  c o r r e l a t i o n  are represented  
by Q,  t h e  equat ion  becomes (5) 
2 = 1021n AO-FG /Q KIc  
Page 6 
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11, D,  Phase IV--Data  Analysis  (cont . )  
Figure 3 is  a p l o t  of t h e  flaw shape parameter Q as a func t ion  of f law depth- 
t o  length  r a t i o s  (A0/2C) f o r  va r ious  f r a c t u r e  stress levels. 
The c r i t e r i a  used f o r  a s ses s ing  the  v a l i d i t y  of t he  K 
IC 
measurements were as fo l lows:  (a) gross  f a i l u r e  stress should not  exceed 
the  y i e l d  s t r e n g t h  (FG/F < 1 )  and (b) t h e  crack depth should no t  exceed 
50% of t h e  specimen th ickness  (AO/B 2 0.5) 
t Y  
P a r i s  and Sih(6)  have a n  approximate s o l u t i o n  f o r  a s e m i -  
e l l i p t i c a l  s u r f a c e  crack. This approximation g ives  t h e  stress i n t e n s i t y  
1 /2  l / 2  
TAN q] (Eq 2) FG(T AO) 4 KIc = [l -I- 0.12(1-AO/C)] 
a t  t h e  end of t h e  semi-minor a x i s  (AO), P a r i s  and Sih  estimate t h e  accuracy 
of t h e  above equat ion  t o  b e  w i t h i n  about - +5% f o r  A0/2C from 0 .5  t o  0.05 and 
AO/B from zero  t o  0.5.  
probably b e t t e r  than  &lo%. 
For AO/B up t o  about 0.75, t h e  accuracy is  s t i l l  
I n  us ing  t h e  s o l u t i o n  of P a r i s  and Sih ,  i f  t he  c rack- t ip  
p las t ic -zone  subtends a major p o r t i o n  (say h a l f )  of t h e  d i s t a n c e  between t h e  
crack f r o n t  and the  back of t he  test specimen, t he  use of t he  equat ion is 
doubtful .  I n  t h i s  connection, i t  should b e  noted t h a t  t h e  c rack- t ip  p l a s t i c -  
zone extends much f u r t h e r  ahead of t h e  crack as i t  approaches t h e  back s u r f a c e  
than  i t  does near  midthickness;  t h e  f ree-sur face  e f f e c t  extends i n t o  t h e  
th ickness  of t h e  specimen f o r  a d i s t a n c e  which i s  p ropor t iona l  t o  (K /F ) e 
I C  t y  
Thus, when t h e  th ickness  and/or t h e  crack depth i s  less than  some c r i t i c a l  
va lue  t h a t  is  p ropor t iona l  t o  (K /F ) t h e  cons t r a in t - r e l i ev ing  in f luence  
of t h e  f r e e  su r faces  w i l l  r e s u l t  i n  f i c t i t i o u s  K measurements. On t h e  
2 
2 
IC t y  
I C  
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11, D ,  Phase IV--Data  Analysis  (cont . )  
b a s i s  of t hese  observa t ions  
c r i t e r i o n  f o r  v a l i d  K measurements, v i z ,  t h a t  t h e  crack depth should exceed 
2.5 (KIc/Fty)2 i n . ,  where F 
Brown and S r a ~ l e y ' ~ )  have suggested another  
I C  
is the  0.2% o f f s e t  y i e l d  s t r e n g t h .  
t Y  
Appendix A t abu la t e s  a l l  t h e  PTC t ens ion - t e s t  da t a .  Table I 
summarizes t h e  K test r e s u l t s .  Figure 4 compares t h e  I rwin  and P a r i s  
approximations; f o r  a l l  p r a c t i c a l  purposes the  two approximations gave 
the  same va lue  of K 
quan t i ty  (KIc/Fty)2; from t h i s  i t  w i l l  be  seen  t h a t  t he  th ickness  of t h e  
material under test  w a s  sometimes less than 1 .0  (KIc/Fty) 
less than  2.5 (K /F ) . For example, wi th  a f r a c t u r e  toughness of the  o rde r  
of 30 k s i - i n . l I 2  and a y i e l d  s t r e n g t h  of  60 k s i  a t  room temperature 
I C  
Note t h a t  t he  t a b u l a t i o n  i n  Appendix A i nc ludes  t h e  
I C  ' 
2 and almost always 
2 
I C  t y  
(KIc/FtYl2 = 0.250 i n .  
2.5 (KIc/Fty)L = 0.625 i n .  
and f o r  a y i e l d  s t r e n g t h  of 70 k s i  a t  -320°F 
(KIc/Fty)2 = 0.184 in.  
2.5 (KIc/Kty)2 = 0.459 i n .  
and f o r  a y i e l d  s t r e n g t h  of 80 k s i  a t  -423'F 
(KIc/Fty)2 = 0.141 i n .  
2.5 (KIc/Fty)2 = 0.352 i n .  
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TABLE I 
SUMMARY OF APPARENT FRACTURE TOUGHNESS (KIc) 
TEMP THICK 
ALLOY ("F) (in.) - -  
PARENT METAL (UNWBLDED) 
2014-T6 75 
75 
75 
-320 
-320 
-320 
-423 
2219-T87 75 
-320 
7075-T73 75 
-320 
WELD METAL 
2014-T6 75 
4043 WIRE 
MIG WELDED 
-320 
2014-T6 75 
4043 WIRE 
TIG-WELDED 
75 
75 
-320 
-320 
-320 
-423 
2014-T6 75 
2319 WIRE 
TIG WELDED 
-320 
0.17 
0.31 
0.47 
0.17 
0.31 
0.47 
0.31 
0.30 
0.30 
0.30 
0.31 
0.31 
0.18 
0.30 
0.49 
0.20 
0.31 
0.50 
0.31 
0.31 
0.31 
TOUGHNESS (ksi-in.ll2) 
IRWTN -
26.5-28.2 
Av(2)27.3 
28.9-30.0 
AV(3)29.6 
26.9-35.1 
AV(3)31.9 
28.1-30.8 
AV(3) 29.3 
28.5-33.9 
AV(3)31,2 
29.8 
34 .O-36.0 
AV(2)35.0 
33.7-33.9 
AV( 2)33.8 
32.6-42.3 
AV(3)37.0 
31.6-39.5 
AV(4)96.0 
39.1 
12.1-17.0 
AV(3)15.2 
15.7-20.8 
AV(3)17.7 
12 .o-18.2 
AV(3)14.2 
16.1-18.0 
AV(3)17.1 
15.7-20.0 
AV(2)- 
13.5-19.6 
AV(2)16.5 
12.5-20.6 
AV(3)17.3 
13.2-23.8 
AV(3)U 
16.6-20 .O 
AV(3)18.5 
17.7-21.1 
AV(3)19.9 
18.8-23.1 
AV(3)18.5 
PARIS 
27.1-29.1 
AV(2)Z 
27 .O-30.6 
AV(3)28.9 
28.6-34.1 
AV(3)32.0 
25.8-31.6 
AV( 3)29.3 
29.9-32.2 
AV(3)30.9 
31.2 
31.7-34.0 
AV(2)32.9 
32.2-34.7 
AV(2)33.4 
30.4-43.1 
AV(3)36.1 
29.9-38.8 
AV(4)33.6. 
41.2 
12.9-15.8 
AV(3114.6 
15.4-17.5 
AV(3)w 
11.5-16.7 
AV(3)13.6 
16.3-16.9 
AV(3)H 
14.4-17.9 
AV(2)w 
11.8-18.0 
AV(2)14.9 
13.2-18.6 
AV(3)16.3 
14.4-22.1 
AV(3118.9 
16.4-17.8 
AV(3)17.0 
15.9-19.9 
AV(3)18.5 
18 .l-20.3 
AV(3)19.3 
IRWIN/PARIS 
a/B = 0.552 (26.5/29.1) 
a/B - 0.534 (29.U31.6) 
FG/Fty-l.022(28.1/25.8) 
FG/Fty=1.047 (33.7/32.2) 
FG/F =1 234 (33.9/30 0) 
1'204 (39 2/35'5 
1:003 (31:6/29:9] 
alB = 0.507 
a/B - 0.521 (12.1/12.9)* 
FG/P -0.994 (15.7/15.4) 
tY 
a/B - 0.580 (12.0112.5) 
a/B - 0.537 (16.1116.91 
FGlF -0.667 (12.5/13.2) 
tY 
a/B - 0.505 (13.2/14.4) 
FG/F -0.903 (16.6/16.4) 
tY 
FG/Fty-0.796 (19.2/19.6) 
FG/F 4.934 (i8.8/18.i) 
tY 
*Unless otherwise noted, welded specimens exceeded the limit FG/Fty <1. 
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/ 
0 
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PARIS AND SIH 
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3 
Figure  4. Comparison of t h e  I rwin  and P a r i s  and Sih Approximations 
f o r  Calcu la t ing  S t r e s s - In t ens i ty  Fac to r s  f o r  Surface Cracks 
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11, D ,  Phase IV--Data Analysis (cont.) 
Thus, by t h i s  c r i t e r i o n ,  very few of t h e  d a t a  are v a l i d ,  and y e t  from Table I 
and Figure  5, i t  w i l l  b e  seen t h a t  t h e  c a l c u l a t e d  va lues  of KIc were remarkably 
cons tan t  when p l o t t e d  as a func t ion  of (1) normalized crack depth,  a/Q, (2) 
crack-depth-to-thickness , AO/B, r a t i o  and ( 3 )  crack-depth-to-length, A0/2C, 
r a t i o .  
t h e  I rwin  and P a r i s  approximations when t h e  tests were i n v a l i d a t e d  by too  
deep a crack  (A/B > 0.5) and when t h e  gross  stress exceeded t h e  y i e l d  s t r e n g t h  
(FG/FTY > 1 . 0 ) .  As shown i n  Figure  5, t h e r e  w a s  l i t t l e  o r  no d i f f e r e n c e  
between t h e  v a l i d  and " inva l id"  test  r e s u l t s  e 
The "remarks" column i n  Table I shows t h e  r e s u l t s  obtained by both  
In  t h e  Fourth Quar te r ly  Progress Report ,  i t  was noted t h a t  
t h e  f a t i g u e  precrack  w a s  i n t e r r u p t e d  by delamination-type c racking  i n  some 
of t h e  7075-T6 and 2219-T87 specimens ( see  F igure  8 of t h e  f o u r t h  q u a r t e r l y ) .  
The fo l lowing  is  a comparison of KIc d a t a  from specimens wi th  and wi thout  
delamination-type cracking. 
Ma t er ia l  
70 75-T6 
Unwelded 
2219-T87 
S p e cimen 
No. 
7 3-6 
-7 
-8 
- 10 
-11 
19-6 
-7 
-8 
-9 
-10 
-11 
I n t e r n a l  
Flaw 
D e l a m .  
D e l a m .  
D e l a m .  
Clear 
D e l a m .  
Clear 
D e l a m .  
D e l a m .  
Clear 
Clear 
D e l a m  
T e s t  
Temp 
75 
75 
75 
75 
-320 
75 
75 
75 
-320 
-320 
-320 
Crack . -IC K Toughness 
2C Irwin Paris - -  A0 -
0.084 0.260 33.9 30.0 
0.106 0.382 39.2 35.5 
0.130 1.070 39.5. 38.8 
0.110 0.380 31.6 29.9 
0.150 1.110 39.1 41.2 
0.110 0.339 19.4 19.0 
0.126 0.398 33.7 32.2 
0,138 1.090 33.9 34.7 
0.100 0.282 32.6 30.4 
0.120 0.385 36.0 34.7 
0.135 1.050 42.3 43.1 
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F i g u r e  5, E f f e c t  of Crack Depth and Flaw Shape on t h e  KIc Value 
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11, D ,  Phase IV--Data  Analysis (cont.)  
When t h e s e  d a t a  are summarized 
KI Toughness T e s t  I n t e r n a l  L 
Mat e r i  a1 Temp. Flaws Irwin P a r i s  
7075-T6 75 D e l a m .  33 e 9-39.5 
Av ( 3) 3 7 .5 
75 Clear 31.6 
75 D e l a m .  33.7-33.8 
Av(2) 33.8 
2219-T87 
19.4 
-320 D e l a m .  42.3 
-320 Clear 32.6-36 - 0  
Av (2) 34.3 
-75 Clear 
30 .O-38.8 
Av (3) 34 e 8 
29.9 
32.2-34.7 
Av ( 2) 3 3 a 4 
19.0 
43.1 
30.4-34.7 
Av (2) 32 e 6 
-
-
Thus, i t  appears t h a t  t he  delamination-type flaws i n  t h e  7075-T6 and 2219-T87 
a l l o y s  r e s u l t e d  i n  a h igher  p lane-s t ra in  f r a c t u r e  toughness (KIc) than flaw- 
f r e e  material. 
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11, D, Phase IV--Data Analysis (cont.) 
3. Stress-Wave Emission 
Comparisons were made to determine the effect on stress-wave 
emission of (1) flaw size, (2) specimen thickness, and (3) test temperature. 
To make the comparisons valid, the tape-recorded data were played back at a 
constant SWAT-system sensitivity (triggering level) for a given temperature 
of test; whereas, for different temperatures of test, an adjustment was made 
in the playback triggering level to compensate for the change in transducer 
sensitivity at the respective testing temperatures. 
The method used during this program for developing the total 
number of stress-wave emissions (cumulative count) in reality produces a value 
weighted by SWE amplitude, specimen and sensor geometries. This occurs because 
of the complexity required of a data-reduction system which produces one and 
only one count for each burst-type of stress wave as compared to the simplicity 
of counting each signal excursion above the noise level as an individual 
stress wave. 
(and/or specimen) resonant decay provide many counts rather than just a single 
count. In general, the larger-amplitude burst-type stress wave with its 
longer ring-down time provides a larger number of SWE counts than does a 
smaller-amplitude burst-type stress wave. Primarily because of this fact, the 
cumulative total count obtained in this program is weighted by the relative 
amplitude of the stress waves and is possibly more nearly a measure of the 
released energy than of the number of burst-type stress-wave emissions. 
Large amplitude burst-type stress waves with typical sensor 
a. Trigger Level 
Figures 6 and 7 illustrate the effect of SWAT-system 
trigger-level setting on the plot of cumulative count versus load. Note that 
in the case of 7075-T73 parent metal tested at -320°F, 
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Figure  6. E f f e c t  of Counter Triggering Level on the P l o t  of SWE-Count 
vs Load. 7075-T73 Parent  E ta1  Tested a t  -320°F 
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Figure 7 .  Effect of Triggering Level on t;he Plot of SWE-Count vs 
Load. 2014-T6 TIG-welded with 4043 Filler Wire and 
Tested at -423°F with Three F l a w  Sizes  
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11, D, Phase I V - - D a t a  Analysis  (cont . )  
Specimen T e s t  Tr igger  Level, Cumulative 
No. Temperature, O F  v o l t s  Count 
73-3 -320 0.35 25,000 
0.26 52,500 
0.18 145 ,000 
t h e  cumulative count increased  markedly as t h e  t r i g g e r i n g  level w a s  set 
inc reas ing ly  c l o s e r  t o  t h e  background n o i s e  level. Likewise,  i n  t h e  case of 
2014-T6 T I G  welded wi th  4043 f i l l e r  w i r e ,  
Specimen T e s t  Tr igger  Level ,  
PT43-10 -423 0.26 
0.07 
No e Temperature, "F v o l t s  
-20 -423 
-30 -423 
0.26 
0.07 
0.26 
0.07 
Cumulative 
Count 
550,000 
1,115,000 
420,000 
710,000 
435,000 
820,000 
t he  cumulative count increased  markedly wi th  decreasing t r i g g e r i n g  vo l t age ,  
This e f f e c t  r e s u l t s  from the  increased  SWAT-system s e n s i t i v i t y  represented  
by t h e  lower t r i g g e r i n g  level and t h e  p rogres s ive ly  smaller amplitude of 
stress-wave emissions t h a t  are de tec t ed  as t h e  system s e n s i t i v i t y  i s  increased .  
b. Reproducib i l i ty  
I n  a d d i t i o n  t o  system s e n s i t i v i t y ,  another  important  
cons idera t ion  i n  eva lua t ing  the  e f f e c t s  of f law s i z e ,  specimen th ickness  and 
tes t  temperature is  t h e  r e p r o d u c i b i l i t y  of t h e  da t a .  F i r s t  consider  t h e  
r e p r o d u c i b i l i t y  of r e p l i c a t e  tests of unwelded specimens without  d e l i b e r a t e  
f laws : 
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I I , D 9  Phase IV--Data  Analysis (cont . )  
a 
Mater i a 1  
and Wire 
Unwelded 
7075-T73 
70 7 5 -T 7 3 
Unwel ded 
2014-T6 
Unwelded 
2219-T87 
Unwelded 
Specimen 
No. 
73-6 
73-7 
73-3 
73-17 
4-13 
4-14 
19-3 
19-5 
Test 
Temperatures OF 
75 
75 
-320 
-320 
-320 
-320 
-320 
-320 
Trigger  
Level, v o l t s  
0.32 
0.32 
0.26 
0.26 
0.35 
0.35 
0.26 
0.26 
Cumulative 
Count 
3,310,000 
3,330,000 
52,500 
68,500 
16,500 
47,000 
49 000 
20,000 
Note t h a t  a t  a constant  t r i g g e r  l e v e l ,  good r e p r o d u c i b i l i t y  was obtained i n  
each p a i r  of r e p l i c a t e  tests. Severe shor t - t ransverse ,  delamination-type 
cracking i n  specimens 73-6 and 73-7 of fe red  an explanat ion f o r  t h e  very much 
l a r g e r  count obtained a t  room-temperature as compared with t h e  -320'F tests 
of unwelded 7075-T73 ( see  Figure 8)  where such cracking was not  observed. 
The r e p l i c a t e  tests of weld metal without d e l i b e r a t e  
f l a w s  d i d  n o t  g ive  good r e p r o d u c i b i l i t y .  
Material 
and Wire 
4043 Wire 
2319 Wire 
4043 Wire 
2014-T6 
2 014-T6 
2 0 14-T 6 
Specimen 
No. 
T43-1 
T43-2 
T19-3 
T19-4 
T43-3 
T43-4 
T e s t  
75 
75 
-320 
-320 
-320 
-320 
Temperature, OF 
Tr igger  
Level ,  v o l t s  
0.18 
0.18 
0.26 
0.26 
0.35 
0.35 
Cumulative 
Count 
11,500 
47,500 
26,000 
19,500 
96,000 
15 000 
Dif fe rences  i n  f r a c t u r e  appearance between " r e p l i c a t e "  specimens suggest  t h a t  
inhomogeneity i n  t h e  weld may have been a f a c t o r  i n  producing t h e  d i f f e r e n c e s  
i n  SWE count. 
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73-6 ,  
3,310,000 
COUNT AT 
0.32 VOLT. 
SEVERE 
TRANSVERSE 
CRACKING 
73-7 
3,300,000 
COUNT AT 
0.32 VOLT. 
SEVERE 
TRANSVERSE 
CRACKING 
73-1 0 
212,500 
COUNT AT 
0.07 VOLT. 
NO 
TRANSVERSE . 
Figure  8. E f f e c t  of Delamination-Type Flaws on SWE Count f o r  Tests 
a t  75'F. 7075-T73 Parent  Metal Tested a t  -320°F 
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11, D,  Phase IV--Data  Analysis (cont.)  
When t h e  specimens contained d e l i b e r a t e  f laws  (PTC), t h e  
eva lua t ion  of r e p r o d u c i b i l i t y  w a s  complicated by d i f f e r e n c e s  i n  f l aw  s i z e  and 
shape; i . e . ,  t h e  d a t a  w e r e  no t  from t r u l y  r e p l i c a t e  tests. 
Material Specimen 
Wire No 
2014-T6 PM43-2 
4043 Wire -1 
2014-T6 4 -8 
Unwelded -9 
2014-T6 4-8 
Unwelded -9 
T e s t  
Temperature, OF 
75 
75 
-423 
-423 
-423 
-423 
Crack, i n .  Tr igger  
A0 - 2C Level, v o l t s  -
0.134 0,465 0 .32 
0.140 0.505 0.32 
0.110 0.255 0.25 
0.095 0,335 0.25 
0.110 0,255 0.50 
0.095 0.335 0.50 
Cumulative 
Count 
194,500 
86 , 500 
750,000 
400,000 
205,000 
97,000 
However, t h e  d i f f e r e n c e s  i n  count between " r e p l i c a t e "  tests appeared too  g r e a t  
t o  be  explained by t h e  small d i f f e r e n c e s  i n  c rack  s i z e  and shape. 
c. E f f e c t  of Flaw S i z e  
I n  gene ra l ,  f law s i z e  appeared t o  have l i t t l e  o r  no 
e f f e c t  on t h e  SWE cumulative count. 
Material Specimen T e s t  Crack, i n .  T r igge r  Cumulative 
2C Level,  v o l t s  Count - No. Temperature, OF A0 -- Wire 
2014-T6 
4043 Wire 
T I G  
2014-T6 
4043 Wire 
T I G  
2014-T6 
4043 Wire 
TIG 
PT4 3- 13  
-23 
-33 
PT43-11 
-21 
-31 
PT43-10 
-20 
-30 
75 
75 
75 
75 
75 
75 
-423 
-423 
-423 
0,118 
0.138 
0.165 
0 e 091 
0.091 
0.064 
0.115 
0,110 
0 130 
0.730 
0.560 
1 e 090 
0 a 290 
0 477 
1.500 
0 320 
0.425 
1,060 
0.35 
0,35 
0.35 
0.14 
0.14 
0.14 
0.26 
0.26 
0.26 
86,500 
50,500 
68,500 
22,500 
23,500 
30,500 
550,000 
450,000 
435,000 
Note t h e  g r e a t e r  cumulative count a t  -423°F as compared w i t h  room temperature.  
The p l o t s  of cumulative count ve r sus  load  corresponding t o  t h e  tests i n  the above 
summary t a b u l a t i o n  are presented i n  F igures  9 through 14. 
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Figure  9.  Cumulative SWE Count vs Load f o r  Three Flaw S izes .  
2014-T6 TIG Welded w i t h  4043 Wire, Specimens 0.30-in. 
Thick, Tested a t  75°F 
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P T  43-1 3 
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Figure  10. Flaws i n  t h e  Tension Specimens of F igu re  9 
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Figure  11. Cumulative SWE Count vs Load f o r  Three Flaws. 
TIG Welded wi th  4043 Wire, Specimens 0.18-in. Thick, 
Tested a t  75'F 
2014-T6 
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Figure  12 .  Flaws i n  the Tension Specimens of F igure  11 
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Figure  13. Cumulative SWE Count vs Load f o r  Three Flaws. 2014-T6 
TIG Welded wi th  4043 Wire, Specimens 0.31-in. Thick, 
Tested a t  -423'F 
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Figure  14 .  Flaws i n  the Tension Specimens of F igu re  13 
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11, D,  Phase IV--Data  Analysis  (cont . )  
Figures  15 and 16 i l l u s t r a t e  a case where an inc reas ing  
crack s i z e  r e s u l t e d  i n  an apparent  i nc rease  i n  cumulative SWE count. 
Material Specimen T e s t  Crack, i n .  Tr igger  Cumulative 
2014-T6 PT19-1 75 0,098 0.300 0.32 13,500 
2319 Wire -2 75 0.126 0.520 0.32 28,500 
T I G  Welded -3 75 0.114 1.090 0.32 32 500 
No. Temperature, "F A0 2C Level, v o l t s  Count -- Wire 
However, t h e  d i f f e r e n c e  i n  count w a s  n o t  g r e a t  and may not  have been s i g n i f i -  
cant  consider ing t h e  poor r e p r o d u c i b i l i t y  descr ibed above. 
d. E f f e c t  of T e s t  Temperature 
The fol lowing d a t a  i l l u s t r a t e  t h e  e f f e c t  of test 
temperature on cumulative count i n  t h e  2014-T6 a l l o y  and i n d i c a t e  an inc rease  
i n  t h e  number of SWE as soc ia t ed  wi th  f r a c t u r e  as t h e  test temperature i s  
reduced. 
Material Specimen T e s t  Crack, i n .  Trigger  Cumulative 
Wire No.  Temperature, O F  - A0 2C Level, v o l t s  Count 
Unwelded 4-8 -423 0.110 0.255 0.25 750,000 
4-9 -423 0,095 0.335 0.25 400,000 
2014-T6 4-4 -320 0.125 0.290 0.25 200,000 
When an approximate co r rec t ion  w a s  made f o r  t h e  loss of s e n s i t i v i t y  i n  t h e  
accelerometer  at -423'F, a g r e a t e r  d i f f e r e n c e  i n  cumulative count between 
-320 and -423OF w a s  observed (see Figure 17) .  Likewise, i n  2014-T6 TIG welded 
wi th  2319 w i r e  and 4043 w i r e ,  t h e  marked e f f e c t s  of t r i g g e r  level and test  
temperature are shown. Note t h e  marked inc rease  i n  count a t  cryogenic 
temperature.  
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Figure  15. E f fec t  of Flaw Size  on SWE Count. 2014-T6 TIG Welded 
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Figure  1 6 .  Flaws i n  t h e  Tension Specimens of F igure  15 
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Figure  1 7 .  E f f e c t  of Temperature on SWE Count. 2014-T6 Parent Metal 
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11, D,  Phase I V - - D a t a  Analysis  (cont . )  
Material Specimen 
Wire No.  
2014-T6 PT19-1 
2319 Wire -4 
-4 
2014-TS PT43-15 
4043 Wire -45 
2014-T6 PT43-23 
4043 Wire -43 
T e s t  
Temperature OF 
75 
-320 
75 
-320 
75 
-320 
Crack, i n .  Trigger  
A0 2 C  Level ,  v o l t s  -- 
0.098 0.300 0.32 
0.095 0.300 0.32 
0.18 
0.193 0.430 0.79 
0.185 0.450 0.18 
0.138 0.560 0.40 
0.122 0.406 0.07 
Cumulative 
Count 
1 3  500 
85,000 
358,000 
325 
77,500 
22 , 500 
940,000 
The curves and crack photographs f o r  t h e  above d a t a  are presented  i n  F igures  
1 8  through 23. Figure 24 shows t h e  same t r e n d i n t h e  2219-T87 a l l o y ;  7075-T73 
a l s o  developed much l a r g e r  counts a t  cryogenic temperature.  
no te  t h a t  t h e  t r i g g e r  level was no t  co r rec t ed  t o  compensate f o r  t h e  l o s s  of 
s e n s i t i v i t y  i n  the  t ransducer  a t  -320OF. 
In  Figure 24 
e. E f f e c t  of Thickness 
I n  t h e  fol lowing series, th ickness  ranging from 0.2 t o  
0 .5  i n .  w e r e  compared. 
Specimen T e s t  Tr igger  
Material Specimen Thickness,  Temperature, Crack, i n .  Level ,  Cumulative 
Wire N o ,  i n .  OF - -  A0 2c v o l t s  Count 
2014-T6 PT43-41 0.210 -320 0.055 0.244 0 .3  47,500 
4043 Wire -43 0.314 -320 0.122 0.406 0 .3  43 , 000 
-45 0.496 -320 0.185 0.450 0 .3  23,000 
I n  t h i s  series, t h e  th inne r  specimens appeared t o  produce a somewhat l a r g e r  
count (more cracking)  than t h e  t h i c k e r  specimen. This  might be expected i f  
t h e  th inne r  specimens were too  t h i n  t o  c o n s t i t u t e  a p l ane - s t r a in  test condi t ion ;  
i .e . ,  i n  p lane  s t r a i n  one might expect  less s u b c r i t i c a l  cracking be fo re  
i n s t a b i l i t y .  The d a t a  are p l o t t e d  i n  F igure  25; t he  f l a w s  are shown i n  
Figure 26. 
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Figure  18. E f f e c t  of Temperature on SWE Count. 
w i t h  2319 Wire; Nearly I d e n t i c a l  Flaws 
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Figure  19. Flaws i n  the Tension Specimens of F i g u r e  18 
Page 34 
Report 1246-Q-5 
v) 
I- 
Z 
3 
0 
U 
U 
0 
Z 
Q 
3 
0 
I 
I- 
E 
v) 
80 
70 
60 
50 
40 
30 
20 
10 
0 
PT 43-45 
- 
LOAD ___F 
0.500 
0.400 
v) 
I- 
Z 
3 
0 
PT 43-1 5 U 
U- 0.300 
0 
75°F 
0.7875 V E 
2 
z 
3 
0 - c” 0.200 
0.101 
Figure  20. E f f e c t  of Temperature on SWE Count. 
w i t h  4043 Wire; Nearly I d e n t i c a l  Flaws 
2014-T6 TIG Welded 
Page 35 
Report 1246-4-5 
PT 43-1 5 
75" F 
325 COUNT 
PT 43-45 
-320" F 
77,500 
COUNT 
Figure 21. Flaws in the Tension Specimens of'Figure 20 
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Figure  23. Flaws i n  the Tension Specimens of F igu re  22 
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Figure  24. E f fec t  of Temperature on SWE Count. 2219-T87 Unwelded 
60 
50 
40 
30 
20 
10 
0 
0.1 8-IN. THICK 
7 E-41 0.3-IN. THICK 
0.5-IN. THICK 
P T  43-45 
LOAD - 
Figure  25 .  E f f e c t  of Specimen Thickness on SWE Count. 
Welded w i t h  4043 Wire; Tested a t  -320'F 
2014-T6 TIG 
r 
cd 
0 w 
rt 
c-\ 
Report 1246-4-5 
PT 43-43 
43,000 
COUNT 
PT 43-45 
23,000 
COUNT 
Figure  26. Flaws i n  t h e  Tension Specimens of F igure  25 
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11, D, Phase IV--Data Analysis (cont . )  
I n  t h e  following series, t h e  t h i c k e r  specimens produced 
l a r g e r  counts.  
Specimen Test Trigger  
Material Specimen Thickness Temperature, Crack i n .  L e & l ,  Cumulative 
Wire No. i n  e "F A0 2c v o l t s  Count ~- - 
2014-T6 8-5 0.170 -320 0.075 0.300 17,500 
Unwelded 4-5 0.315 -320 0.110 0.355 59,000 
8-13 0 a 466 -320 0.190 1.790 45 000 
Thus, it appears t h a t  t h e  observed d i f f e r e n c e s  i n  count are not  s i g n i f i c a n t .  
f ,  E f f e c t  of Flaw on SWE 
Comparisons w e r e  made between specimens t e s t e d  with and 
without s u r f a c e  flaws. The fol lowing d a t a  w e r e  obtained from unwelded 
specimens: 
Specimen 
Material No e 
7075-T73 73-6 
73-7 
73-10 
73-5 
7075-T73 73-9 
73-11 
73-3 
73-17 
2219-T87 19-9 
19-3 
19-5 
2014-T6 4-4 
4-13 
4-14 
2014-T6 4-8 
4-16 
T e s t  
Temperature, OF 
75 
75 
75 
75 
-320 
-320 
-320 
-320 
-320 
-320 
-320 
-320 
-320 
-320 
-423 
-423 
Crack, i n .  
2c A0 - 
0.084 0.382 
0.105 0.382 
0.110 0.380 
None 
Unbroken PTC 
0.150 1.110 
None 
None 
0.100 0.282 
None 
None 
0.125 0.290 
None 
None 
0.110 0.255 
None 
Trigger  
Level ,  v o l t s  
0.32 
0.32 
0.07 
0.32 
0.26 
0.07 
0.26 
0.26 
0.26 
0.26 
0.26 
0.35 
0.35 
0.35 
0.50 
0.50 
Cumulative 
Count 
3,310,000 
3,330,000 
212,500 
125,000 
150,000 
52,000 
68,500 
183,500 
47,000 
12,500 
16,500 
205,000 
275,000 
210,000 
49,000 
20,000 
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11, D, Phase IV--Data Analysis  (cont . )  
The curves corresponding t o  t h e  above d a t a  are presented  i n  Figures  27 through 
30. From t h e  curves and t h e  above t a b u l a t i o n ,  i t  w i l l  be seen  t h a t  t h e  
7075-T73 and 2219-T87 a l l o y s  behaved as would be  expected, wi th  much g r e a t e r  
count observed f o r  t h e  d e l i b e r a t e l y  cracked (PTC) test specimens. However, 
t h e  2014-T6 material produced approximately t h e  same number of counts  whether 
flawed o r  unflawed. A search  f o r  i n t e r n a l  f laws such as delaminat ions i n  t h e  
2014-T6 smooth tens ion  specimens (4-13, 4-14 and 4-16 t e s t e d  withortt d e l i b e r a t e  
cracks)  revealed 45" cracking a t  t h e  base  of the  shear  l i p  ( see  Figure 31);  
otherwise t h e  f r a c t u r e s  appeared normal. This  cracking w a s  not  found i n  t h e  
7075-T73 o r  t he  2219-T87 smooth-tension f r a c t u r e s .  
The extremely h igh  count i n  specimens 73-6 and 73-7 
t e s t e d  a t  75°F i s  i n t e r e s t i n g .  Severe shor t - t ransverse  delamination-type 
cracking occurred i n  both specimens (see Figure 8 ) ;  whereas, PTC specimen 
73-10 and unflawed specimen 73-5 showed no such cracking.  
73-3 and 73-17, t e s t e d  a t  -320"F, a l s o  exh ib i t ed  severe delamination-type 
cracking b u t  d i d  not  g ive  an unexpectedly high count.  
specimens 73-5 ( t e s t e d  at 75°F) and 73-3 and 73-17 ( t e s t e d  a t  -320°F) were 
markedly d i f f e r e n t ;  73-5 without  delamination-type cracking was a l l  shea r ,  
whereas, 73-3 and 73-17 wi th  severe delaminat ion had r e l a t i v e l y  s m a l l  shea r  
l i p s .  Thus, i t  appears  t h a t  t he  mechanism of f r a c t u r e  is d i f f e r e n t  a t  75  
and -320°F. 
Specimens 73-11, 
The f r a c t u r e  su r faces  of 
Comparisons made wi th  welded specimens t e s t e d  wi th  and 
without  d e l i b e r a t e  s u r f a c e  cracks revea led  several in s t ances  of unflawed 
specimens producing as many stress waves as d e l i b e r a t e l y  flawed specimens. 
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Figure  27. Combined E f f e c t  of Surface  Flaw and Delaminations on SWE 
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Figure  28. E f f e c t  of Surface  Flaw on SWE Count. 
Metal Tested a t  -320OF 
7075-T73 Pa ren t  
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Figure  29. E f f e c t  of Sur face  Flaw on SWE Count. 
Metal Tested a t  -320°F 
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F igu re  31. Cracking a t  t h e  Base of t h e  Shear Lip i n  Specimens 
Tested without  Flaws. Specimens 4-13, 4-14 and 4-16 
A l l  Developed Extensive 45" Cracking as Shown 
Page 48 
Rep0 r t 12 46 -4-5 
11, D,  Phase IV--Data  Analys is  (cont . )  
Material Specimen 
Wire No. 
2014-T6 PT42-23 
4043 Wire T43-1 
T43-2 
2014-T6 PT43-13 
4043 Wire T43-3 
T43-4 
2014-T6 PM43-1 
4043 Wire PM43-3 
M43-1 
2014-T6 PM43-4 
4043 Wire M43-3 
M43-4 
2014-T6 PT19-4 
2319 Wire T19-3 
T19-4 
T e s t  
Temperature, OF 
75 
75 
75 
-320 
-320 
-320 
75 
75 
75 
-320 
-320 
-320 
-320 
-320 
-320 
Crack, i n .  
A0 2c 
0.138 0.560 
None 
None 
0.118 0.730 
None 
None 
0.140 0.505 
0.162 1.160 
None 
0.114 0.450 
None 
None 
0.095 0.300 
None 
None 
Trigger  
Level ,  v o l t s  
0.35 
0.18 
0.18 
0.35 
0.35 
0.35 
0.35 
0.35 
0.35 
0.26 
0.26 
0.26 
0.26 
0.26 
0.26 
Cumulative 
Count 
50,500 
11,500 
47,500 
113,500 
96,000 
15,000 
55,000 
58,000 
9,000 
24,000 
18,500 
22,000 
120,000 
26,000 
19,500 
Figures  32 and 33 p resen t  t h e  curves f o r  2014-T6 welded wi th  4043 and 2319 weld- 
w i r e ,  where t h e  specimens without  f laws produced fewer counts than t h e  specimens 
wi th  d e l i b e r a t e  (PTC) f laws.  No explana t ion  is  o f fe red  f o r  t h e  very l a r g e  
count recorded from t h e  unwelded 2014-T6 unflawed specimens o t h e r  than  t h e  
occurrence of shear  cracking.  However, i n  welded specimens, t he  y i e l d  s t r e n g t h  
of t h e  weld depos i t s  s e r i o u s l y  undermatched t h a t  of t h e  base  metal and, con- 
sequent ly ,  i n  a t r ansve r se ly  welded t ens ion  specimen, nea r ly  a l l  of t h e  deforma- 
t i o n  occurs  over a s h o r t  gage l eng th  i n  the  weld depos i t  i t s e l f ,  This  con- 
c e n t r a t i o n  of p l a s t i c  deformation i n  t h e  deposi ted weld metal could very w e l l  
expla in  t h e  h igh  count i n  t h e  unflawed tens ion  specimens. I n  some ins t ances ,  
t h e  undermatching t r a n s v e r s e l y  welded specimens without  d e l i b e r a t e  f laws 
produced r e l a t i v e l y  low counts.  This  i n d i c a t e s  t h a t  p l a s t i c  deformation p e r  se 
is  not  t h e  cause of t h e  anomalously h igh  counts  b u t  perhaps a combination of 
weld d e f e c t s  and t h e  s t r a i n  concent ra t ion .  I n  o t h e r  words, some of t h e  test 
specimens could be d e f e c t  f r e e  and o t h e r s  n o t .  
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Figure 33, Effect of Surface F l a w  on SWE Count in Transversely Welded 
Tension Specimens, 2014-T6 TIG Welded with 2319 Wire 
Page 51 
Report 1246-4-5 
11, D ,  Phase IV--Data Analysis  (cont e 
g. Stress-Wave Emission as a Precursor  of F a i l u r e  a t  75'F 
Most of t h e  materials t e s t i n g  done previous ly  a t  Aero je t  
us ing  SWAT as a crack  monitoring system has  been a t  room o r  e leva ted  tempera- 
t u re .  One observa t ion  common t o  a l l  t h e  earlier s t u d i e s ,  r ega rd le s s  of t h e  
material i n v e s t i g a t e d ,  is t h a t  t h e  stress-wave-emission s i g n a l s  have charac te r -  
ist ics which serve t o  i d e n t i f y  p l ane - s t r a in  i n s t a b i l i t y  and presage plane- 
stress i n s t a b i l i t y .  
In  t h e  Fourth Quar te r ly  Progress  Report ,  i t  w a s  shown 
t h a t  t h e  SWE precursor  gene ra l ly  occurred a t  approximately the  same load as 
dev ia t ion  from l i n e a r i t y  i n  t h e  COD-load p l o t s .  Alloy 2014-T6 (unwelded) 
appeared t o  be  an except ion,  wi th  t h e  precursor  occurr ing  at much lower loads  
than  t h e  dev ia t ion  from l i n e a r i t y .  However, i t  is  now evident  t h a t  t h e  
t r i g g e r  level used i n  count ing t h e  stress-wave emissions has  a marked e f f e c t  
on t h e  precursor .  For example, i n  F igure  34 t h e  d a t a  from 2014-T6 specimen 
8-8, t e s t e d  a t  75'F, were played back a t  t r i g g e r  levels of 0.059, 0.070, 0.090 
and 0.12 v o l t .  Note t h a t  a t  t h e  h ighes t  t r i g g e r  level,  t h e  precursor  occurred 
j u s t  be fo re  f r a c t u r e ;  whereas, at t h e  lowest  t r i g g e r  level,  t h e  precursor  
appeared t o  occur a t  about 25% of t h e  f a i l u r e  load.  
seen t h a t  a t  an 0.15-volt t r i g g e r  level 2219-T87 specimen 19-7 showed no 
precursor  whatsoever; whereas, at an 0.07-volt t r i g g e r  level t h e r e  w a s  an 
unmistakable precursor ,  However, because t h e  choice of t r i g g e r  level  i s  
a r b i t r a r y ,  s e l e c t i o n  of a q u a n t i t a t i v e  va lue  of load corresponding t o  t h e  
onse t  of c rack  i n s t a b i l i t y  does no t  appear t o  be  meaningful,  
In  Figure 35, i t  w i l l  be 
h e  Stress-Wave Emission as a Precursor  of F a i l u r e  at 
Cryogenic Temperatures 
Examination of t h e  cumulative count ve r sus  load curves 
f o r  cryogenic-temperature tests i n  t h e  c u r r e n t  i n v e s t i g a t i o n  ind ica t ed  t h a t  
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11, D,  Phase IV--Data  Analysis  (cont . )  
t he  precursor  is l i k e l y  t o  be  very  s h o r t  a t  cryogenic  temperatures,  o f t e n  less 
than 1 sec. 
curves j u s t  be fo re  f a i l u r e ,  bu t  t h e  warning t i m e  w a s  very s h o r t .  
20 and 22 provide a d d i t i t i o n a l  i l l u s t r a t i o n s  of t h i s  po in t .  
no te  t h a t  when t h e  tape-playback t r i g g e r  level w a s  ad jus ted  t o  compensate f o r  
t h e  l o s s  of t ransducer  s e n s i t i v i t y  at cryogenic  temperature ,  t h e r e  w a s  
p r a c t i c a l l y  no precursor .  
(0.79-volt t r i g g e r  l e v e l )  and l a c k  of precursor  a t  -320'F (0.18 v o l t ) .  
I n  Figure 7, f o r  example, t h e r e  was  a sharp  upward t u r n  i n  t h e  
F igures  18 ,  
I n  Figure 18, 
I n  F igure  20, no te  t h e  s t rong  precursor  a t  75'F 
Two f a c t o r s  a f f e c t  t h e  precursor ;  v i z ,  t h e  choice of 
t r i g g e r  level and t h e  l a r g e  number of stress waves occurr ing  a t  cryogenic 
temperature.  F i r s t ,  w i th  regard t o  t h e  choice of t r i g g e r  level, i f  t h e  band 
of background "noise" widens as t h e  load  is  increased ,  t h e  stress-wave count 
could be a f f e c t e d  i f ,  a t  t h e  start  of t h e  test ,  t h e  t r i g g e r i n g  vo l t age  is  set 
j u s t  about t h e  background "noise" level Comparisons between the  background 
noise"  band widths  at t h e  start of loading and near  f r a c t u r e  are presented 
i n  Figures  36, 37 and 38. A t  room temperature ,  t h e  background "noise" band 
a t  the  start of loading w a s  r e l a t i v e l y  narrow; whi le  near  f r a c t u r e ,  t h e  band 
was r e l a t i v e l y  wide. A t  cryogenic temperatures ,  where p l a s t i c  deformation 
would be minimized, t h e  width of t h e  band w a s  e s s e n t i a l l y  the  same near  f r a c t u r e  
as at the  s ta r t  of loading.  This sugges ts  t h a t  t h e  broadened band near  f r a c t u r e  
i n  the  75'F tests w a s  t h e  r e s u l t  of p las t ic -zone  formation. 
38, no a t tempt  w a s  made t o  photograph burs t - type  stress waves; when they  
appeared i n  t h e  photographs,  it w a s  by chance. Figure 39 shows t h e  e f f e c t  
of background "noise" at t h r e e  t r i g g e r i n g  levels f o r  room-temperature tests 
( t o  s impl i fy  t h e  i l l u s t r a t i o n ,  no burs t - type  stress waves are shown u n t i l  
f a i l u r e ) .  A s  t h e  load  is  inc reased ,  t h e  p l a s t i c  zone a t  the  crack t i p  inc reases  
and, consequently,  t h e  continuous emission inc reases  ( see  F igures  36 and 37, 
75°F PTC t e s t s ) .  
i nc reases  t o  t r i g g e r - l e v e l  one a t  a r e l a t i v e l y  low l o a d $  producing an  anomalously 
11 
I n  F igures  36 through 
A t  a low-voltage t r i g g e r  level, t h e  background "noise" 
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Figure  39. Effec t  of 75OF Background Noise a t  Three Tr igger  Levels 
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11, D ,  Phase IV--Data Analysis  (cont .) 
low precursor .  A t  t r i g g e r - l e v e l  t h r e e ,  t h e  specimen is p r a c t i c a l l y  a t  t h e  
f a i l u r e  load be fo re  t h e  background "noise" has  increased  t o  t h e  t r i g g e r  
vo l tage ,  g iv ing  l i t t l e  o r  no precursor  ( s e e  Figure 34 f o r  a c t u a l  test  d a t a ) .  
The schematic i n  F igure  40 shows t h e  e f f e c t  of t r i g g e r  
level at cryogenic temperature.  A t  cryogenic  temperature t h e r e  is  l i t t l e  o r  
no inc rease  i n  the  background-noise band (see Figures  36 through 38) .  
cryogenic temperature t h e r e  are many stress waves s t a r t i n g  almost immediately 
on applying load ,  inc luding  a l a r g e  number of small  stress waves in t e r spe r sed  
wi th  much l a r g e r  amplitude stress waves. 
down c h a r a c t e r i s t i c  of t h e  s i g n a l ,  may b e  counted as several stress waves 
r a t h e r  than one. E f f e c t i v e l y ,  then ,  t h e  e l e c t r o n i c  counter  produces an 
i n t e g r a t i o n  of t h e  s i z e  and number of stress waves. A t  a low-voltage t r i g g e r  
s e t t i n g  (level l), t h e  s m a l l  stress waves, as w e l l  as t h e  l a r g e ,  are counted, 
producing a r ap id  i n c r e a s e  i n  cumulative count a t  a low load.  A t  t r i g g e r -  
level t h r e e ,  on t h e  o t h e r  hand, t h e  small stress waves are not  counted and t h e  
count-versus-load p l o t  tends  t o  look more l i k e  the  room-temperature precursor  
curves (see Figure 4 1  f o r  a c t u a l  test d a t a ) .  
However a t  
The l a t t e r ,  because of t h e  r ing-  
Cryogenic-temperature (-320'F) tests of 7039-T61 aluminum 
f o r  NERVA ( t h e  Reactor-in-Flight Program) using t h e  compact-tension (WOL) 
conf igura t ion  (B = 0.6 i n .  and W = 1.0 i n . )  gave s t rong  i n d i c a t i o n s  of a 
precursor  t o  f a i l u r e .  However, i n  t h e s e  s t u d i e s ,  t h e  ampl i f i ca t ion  w a s  lower 
and t h e t r i g g e r i n g  vo l t age  h igher  than used i n  t h e  cu r ren t  program. A s  shown 
i n  F igure42 .  
versus  load curves.  A t  a 1.0-volt  t r i g g e r  level,  t he  precursor  w a s  unmistakable 
but  occurred less than  1 sec be fo re  f a i l u r e  (with the  proper  design of SWAT 
system, i t  i s  p o s s i b l e  f o r  loading  t o  be  i n t e r r u p t e d  i n  less than  1 sec t o  
s t o p  t h e  growing crack) .  A t  a 0.5-volt t r i g g e r  l e v e l ,  t he  precursor  w a s  no t  
nea r ly  as c l e a r l y  def ined  as it  w a s  a t  1 v o l t ;  neve r the l e s s ,  t h e  success ion  
t h i s  had a marked e f f e c t  on t h e  shape of t he  cumulative count 
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F igu re  41. E f f e c t  of Tr igger  Level on Precursor  a t  -320'F. 
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Figure 42. SWE Count vs Load f o r  a 7039-T61 WOL Tension Specimen 
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11, D,  Phase IV--Data Analysis  (cont . )  
of l a r g e  crack jumps ind ica t ed  i n  F igure  42 a t  14.2,  14.7, 16.8 and 17.2 s e c  
( f a i l u r e  a t  18.5 sec)  would serve as a precur so r ,  providing more than  ample 
t i m e  f o r  load i n t e r r u p t i o n .  
F igure  43 w a s  obtained from a recent  cryogenic test of 
NERVA 7039-T61 aluminum us ing  t h e  WOL conf igura t ion  (B = 1.00 i n .  and W = 2.00 i n . ) .  
The ins t rumenta t ion  used i n  t h i s  test w a s  comparable t o  t h a t  used i n  the  c u r r e n t  
NASA-Huntsville s tudy.  Note t h a t  f u l l  scale on t h e  o rd ina te  i n  F igure  43 w a s  
100,000 counts ;  whereas, i n  F igure  42 
( f a i l u r e  i n  t h e  smaller test specimen occurred a f t e r  approximately 7000 counts) .  
The l a r g e r  specimen gave over  220,000 counts be fo re  i t  f a i l e d ,  and t h e  p l o t  
provided a more o r  less t y p i c a l  p recu r so r  t o  f a i l u r e .  However, i t  i s  apparent  
t h a t  t h e  counter  t r i g g e r i n g  level a f f e c t e d  t h e  n a t u r e  of and the  a b i l i t y  t o  
d e t e c t  t h e  precursor .  
i n  Figures  6 and 4 3  (comparable SWAT systems) i n d i c a t i n g  a d i f f e r e n c e  i n  the 
r e s u l t s  obtained from t h e  PTC tests of 7075-T6 and the  WOL tests of 7039-T61. 
Whether t h i s  d i f f e r e n c e  i s  a t t r i b u t a b l e  t o  d i f f e r e n c e s  i n  t h e  a l l o y s  o r  i n  
t h e  specimen conf igura t ions  is not  known. 
f u l l  scale w a s  only 2500 counts  
F igure  44 is a comparison between t h e  curves presented 
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Figure  43.  SWE Precursor  i n  a 7039-T61 WOL Tension Specimen. 
Note t h e  E f f e c t  of Trigger  Level 
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Figure  44.  Comparison of PTC and WOL Tension T e s t s  a t  -320'F 
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111. SUMMARY DISCUSSION - SWAT AS A NONDESTRUCTIVE INSPECTION METHOD 
The b a s i c  philosophy of t h e  proof test i s  t h a t  once a p res su re  v e s s e l  
has  withstood t h e  proof p r e s s u r e g  subsequent loading t o  a lesser p res su re  w i l l  
no t  produce f a i l u r e .  Obviously, t h i s  assumes t h a t  t h e r e  w i l l  be no f a t i g u e  
cracking i n  s e r v i c e  and no s low crack  growth of e x i s t i n g  s u b c r i t i c a l  d e f e c t s  
through such mechanisms as f a t i g u e  and stress cor ros ion .  
rocke t  motor cases and a s soc ia t ed  tankage i n d i c a t e s  t h e  t y p i c a l  f a i l u r e  o r i g i n  
t o  be a s m a l l  c rack  o r  c rack- l ike  flaw. 
l a r g e  t o  cause f r a c t u r e  on i n i t i a l  loading ,  o r  i t  may be  s m a l l  enough so  t h a t  
t h e  s t r u c t u r e  can wi ths tand  a number of load cyc le s  o r  a per iod of sus t a ined  
stress be fo re  t h e  f law grows t o  c r i t i c a l  s i z e .  
i t  i s  clear t h a t  f a b r i c a t e d  s t r u c t u r e s  and even raw materials con ta in  d e f e c t s  
of va r ious  kinds.  Serv ice  l i f e  then  is  c o n t r o l l e d  by (1) t h e  i n i t i a l  f law s i z e ,  
(2) t h e  rate of slow crack  growth i n  t h e  environment, and (3) t h e  f law s i z e  
requi red  t o  cause f r a c t u r e  a t  t h e  ope ra t ing  stress ( t h e  c r i t i c a l  c rack  s i z e ) .  
Examination of f a i l e d  
The f law is  sometimes s u f f i c i e n t l y  
From s e r v i c e  f a i l u r e  ana lyses ,  
The d e t e c t i o n  of f laws  i n  metal s t r u c t u r e s  is a s e r i o u s  problem. Each 
in spec t ion  method, i nc lud ing  X-ray, p e n e t r a n t s ,  magnet ic -par t ic le  and u l t r a -  
son ic s  has  i t s  l i m i t a t i o n s  wi th  r e spec t  t o  t h e  s i z e  and o r i e n t a t i o n  of f laws  
t h a t  can be  found wi th  r e l i a b i l i t y .  
human e r r o r .  
cases, proof t e s t i n g  is o f t e n  used as a f i n a l  € a i l - s a f e  in spec t ion  procedure 
t o  a s s u r e  t h a t  no l a r g e  d e f e c t s  have escaped d e t e c t i o n .  
The problem i s  f u r t h e r  complicated by 
Consequently, i n  the manufacture of tankage and rocket  motor 
I n  p r a c t i c e ,  t h e r e  are wide d i f f e r e n c e s  i n  proof- tes t ing  procedures. 
Sometimes t h e  proof- tes t  procedures r e s u l t  i n  unnecessary f a i l u r e  dur ing  t h e  
proof test i t s e l f .  Sometimes t h e  p roof - t e s t  procedure is a c t u a l l y  ins t rumenta l  
i n  growing e x i s t i n g  s u b c r i t i c a l  c racks  and, i n  such cases, even i f  t h e  p re s su re  
vessel su rv ives  t h e  proof tes t ,  i t s  service l i f e  may be s u b s t a n t i a l l y  reduced. 
In s p i t e  of t h e s e  shortcomings, a prope r ly  designed proof test is  u s e f u l  i n  
t h a t  it i n d i c a t e s  t h e  maximum p o s s i b l e  i n i t i a l  f law s i z e  i n  t h e  vessel. And 
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f law growth dur ing  proof test can a c t u a l l y  be  used t o  advantage i f  t h e r e  i s  a 
way t o  d e t e c t  t h e  growth and l o c a t e  i t  whi le  i t ' i s  happening.. 
The o b j e c t i v e  of t h i s  i n i t i a l  phase of t h e  con t r ac t  w a s  t o  c o r r e l a t e  
stress-wave emission wi th  f r a c t u r e  i n  s e l e c t e d  aluminum a l l o y s .  
r e s u l t s  r epor t ed  t o  d a t e ,  i t  w i l l  b e  seen t h a t  some of t h e  f ind ings  are very  
favorable  and some are discouraging,  There are two problem areas, v i z . ,  
(1) l a r g e  stress-wave counts  from some of t h e  unflawed test  specimens and 
(2) l i t t l e  o r  no warning of imminent f a i l u r e  a t  cryogenic temperatures .  
t r ansve r se ly  welded t ens ion  specimens conta in ing  decidedly undermatching weld 
depos i t s  (weld s t r e n g t h  much lower than  t h e  parent  metal)  deformation occurs  
over a s h o r t  gage l eng th  ( t h e  width of t h e  weld j o i n t  depos i t )  and, t h e r e f o r e ,  
t ends  no t  on ly  t o  produce a high level plast ic-deformation "noise" bu t  a l s o  t o  
accentua te  any and a l l  f laws i n  t h e  depos i ted  weld metal. I f  t ens ion  specimens 
were t o  be t e s t e d  conta in ing  a l o n g i t u d i n a l  weld-deposit ,  t h e  uniform d i s t r i b u -  
t i o n  of s t r a i n  i n  parent  metal, HAZ and weld metal should produce a low stress- 
wave count i f  undermatching welds are t h e  cause of t h e  h igh  count i n  t r ans -  
v e r s e l y  welded specimens. 
produced h igh  counts  and o t h e r s  d i d  no t  may be  simply t h e  r e s u l t  of some 
specimens conta in ing  micro-defects and o t h e r s  n o t ,  
2014-T6, developed h igh  counts  i n  unflawed, unwelded test specimens i n  com- 
par i son  t o  t h e  precracked specimens is  n o t  s a t i s f a c t o r i l y  explained.  One note- 
worthy d i f f e r e n c e  i n  t h e  unflawed 2014-T6 specimens w a s  ex tens ive  shea r  cracking 
a s soc ia t ed  wi th  f r a c t u r e .  
of i n t e r n a l  d e f e c t s  such as delaminat ion.  
From t h e  test 
I n  
The f a c t  t h a t  some welds without d e l i b e r a t e  f l a w s  
The f a c t  t h a t  one a l l o y ,  
I n  t h e s e  p a r t i c u l a r  specimens, t h e r e  w a s  no evidence 
I n  a tank  being hydro tes ted ,  undermatching welds could be  a problem i f  
they produce h igh  counts  even when t h e r e  are no g ross  f laws p resen t ;  however, 
i f  micro- o r  macro-defects (under t h e  a c t i o n  of h igh ly  l o c a l i z e d  deformation) 
are re spons ib l e  f o r  t h e  high count i n  u n i a x i a l  t ens ion  specimens, t h e r e  may be  
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two compensating f a c t o r s  i n  tankage. F i r s t ,  t h e r e  would be  less tendency f o r  
t h e  h ighly  concentrated (necking) s t r a i n  produced by undermatching welds t o  
occur i n  a b i a x i a l  stress f i e l d  as compared wi th  a u n i a x i a l  stress f i e l d  and, 
second, w i th  a SWAT-system computer t o  locate.  t h e  stress-wave source ,  t h e  
i n d i c a t i o n  from macro-defects i n  a h igh-s t ra in  f i e l d  would probably be nea r ly  
continuous emission from many sources  r a t h e r  than  discont inuous,  sporadic  
emission from a few sources  o r  even a s i n g l e  source.  
t he  welds are re inforced  t o  compensate f o r  t h e i r  lower s t r eng th .  
Also, i n  service tankage, 
The second problem area, v i z ,  l i t t l e  o r  no precursor  of f a i l u r e  a t  
cryogenic temperature ,  may be resolved by proper s e l e c t i o n  of system sens i -  
t i v i t y  and t r i g g e r i n g  level. 
t r i g g e r i n g  levelp t h e r e  is a tendency f o r  t h e  warning time t o  be very  s h o r t ;  
i .e . ,  t h e  small stress waves go undetected and t h e  precursor  i s  obtained only 
when t h e  c rack  is  growing i n  l a r g e  jumps j u s t  be fo re  f a i l u r e .  Hopefully,  p r i o r  
material c h a r a c t e r i z a t i o n  w i l l  provide a b a s i s  f o r  s e l e c t i n g  t h e  optimum system 
f o r  developing adequate p recu r so r s ,  Also, wi th  t h e  c a p a b i l i t y  f o r  monitoring 
crack growth -- as i t  happens, t h e r e  is  less need t o  proof test tankage a t  cryo- 
genic  temperature.  With SWAT, t h e r e  would be  less r i s k  of ca t a s t roph ic  f a i l u r e  
t o  i n i t i a l l y  proof test a t  room temperature  t o  d e t e c t  any l a r g e  d e f e c t s  t h a t  
may have escaped QC. A t  room temperature ,  t h e  precursor  is most ev ident .  I f  
t h e r e  are no g ross  d e f e c t s  i nd ica t ed  by SWAT at  room temperature,  a second 
proof test  could b e  conducted a t  t h e  lowest service temperature.  Here, t h e  
proof p re s su re  on t h e  f i r s t  cyc le  could be  much less than  t h e  opera t ing  pres-  
sure ;  a low i n i t i a l  p re s su re  i s  f e a s i b l e  because of t h e  extremely high counts  
generated a t  low loads  a t  cryogenic temperatures.  
With l o w  system s e n s i t i v i t y  and/or a high-voltage 
The h igh ly  f avorab le  f ind ings  t o  d a t e  are (1) very  high stress-wave- 
emission counts  a t  room temperature  as a r e s u l t  of shor t - t ransverse ,  
delamination-type cracking i n  parent  metal, (2) very  h igh  counts  a t  low 
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loads at cryogenic test temperatures, and (3 )  very high counts at room temper- 
ature just before failure which serve as a presage of imminent fracture. 
count at cryogenic temperature appears to be a combination of both an increase 
in number and size of the stress waves. The increase in size of stress wave 
affords another advantage, in that attenuation will be less of a problem; 
i.e., the transducers can be spaced at greater intervals and still be useful 
for SWAT-system triangulation. 
The high 
The next phase of this contract will seek to analyze stress-wave emis- 
sion in pressurized tankage for the purpose of correlating stress-wave char- 
acteristics with subcritical crack growth. In this phase, the observations 
based on precracked and unflawed tension specimens will be verified in weld- 
fabricated tankage. Also, signal attenuation (as a function of transducer 
distance) and triangulation accuracy will be evaluated. 
In seeking verification of the preflawed-tension-test results, particular 
attention will be directed to the following: 
system sensitivity; (b) larger stress-wave size and count at cryogenic tempera- 
ture as compared with room temperature; (c) occurrence of large counts from 
uniaxial-tension specimens containing transverse undermatching welds (the 
tankage will contain biaxially stressed, undermatching, longitudinal welds). 
(a) dependence of precursor on 
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TABLE I - PART-THROUGH-CRACK (PTC) TENSION-TEST RESULTS 
TEST 
MATERIAL, 
ELECTRODE & 
STRENGTH 
YIELD 
2014-T6 
Unwelded 
FTY=62.7 k s i  
FTY=62.7 k s i  
FAILURE 
LOAD 
(Kips) 
22.50 
20.84 
15.60 
37.32 
34.98 
40.88 
TEMP. 
(DF) 
SPECIMEN 
NUMBER 
8-1 
-2 
-3 
A0/2C 
(a) 0.225 
0.067 0.280 
0.095 0.690 
0.104 0.284 
0.125 0.370 
0.130 1.100 
0.178 0.760 
0.185 0.595 
0.205 1.730 
75 2.006 0.173 
1.999 0.168 
1.990 0.172 
1.990 0.314 
2.006 0.316 
2.999 0.315 
2.010 0.469 
2.012 0.471 
3.004 0.463 
0.239 
0.138 
0.366 
0.338 
0.118 
28.2 27.1 0.203 0.055 0.399 0.990 1;035 
26.5 29.1 0.180 0.089 0.552 0.727 0.856 
28.9 27.0 0.214 0.062 0.331 0.952 0.989 
30.0 29.0 0.230 0.078 0.396 0.880 0.934 
29.8 30.6 0.227 0.126 0.413 0.690 0.783 
75 4- 1 
-2 
-3 
8- 8 
-9 - 10 
33.7 33.3 
35.1 34.1 
26.9 28.6 
0.290 
0.314 
0.185 
0.137 
0.122 
0.189 
0.380 0.746 0.841 
0.393 0.824 0.906 
0.443 0.507 0.634 
0.291 1.022 1.044 TJ 
0.441 0.910 0.960 
0.534 0.700 0.814 
0.398 0.889 0.931 m 
0.349 0.890 0.936 .a 
0.475 0.543 0.713 VI 
P 
n 
rt 
P N
.b 
FTY=62.7 k s i  75 0.234 
0.311 
0.118 
44.10 
>48.95 
44.20 
FTY=72.0 k s i  8-4 
-5 
-6 
4-4 
-5 
-7 
-320 2.000 0.175 
1.999 0.170 
2.001 0.178 
2.004 0.314 
2.002 0.315 
2.003 0.316 
2.010 0.466 
1.479 0,316 
1.480 0.316 
2.014 0.296 
2.015 0.299 
1.990 0.298 
2.013 0.293 
2.012 0.296 
2.012 0.288 
1.995 0.299 
1.992 0.303 
1.991 0.291 
1.993 0.305 
1.992 0.296 
1.991 0.300 
0.051 0.185 
0.075 0.300 
0.095 0.670 
0.125 0.290 
0.110 0.355 
0.150 1.280 
0.190 1.790 
0.110 0.255 
0.095 0.335 
0.110 0.339 
0.126 0.398 
0.138 1.090 
0.100 0.282 
0.120 0.385 
0.135 1.050 
0.276 
0.250 
0.142 
0.431 
0.310 
0.117 
0.106 
0.431 
0.268 
0.324 
0.316 
0.127 
0.355 
0.312 
0.128 
25.76 
22.28 
17.94 
40.27 
40.42 
24.75 
28.1 25.8 
30.8 30.5 
29.1 31.6 
31.3 29.9 
33.9 32.2 
28.5 30.6 
0.153 
0.183 
0.164 
0.190 
0.222 
0.157 
0.038 
0.058 
0.088 
0.063 
0.074 
0.140 
-320 FTY=72.0 k s i  
00 
U 
VI FTY=72.0 k s i  
FTY=79.5 k s i  
8 
36.0 34.0 0.206 0.070 0.301 0.879 0.932 E 
TJ 29.8 31.2 0.172 0.179 0.408 0.503 0.703 
34.0 31.7 0.184 0.056 0.348 0.928 0.974 E 
* 
19.4 19.0 0.119 0.068 0.372 0.679 0.714 CLEAR 
33.7 32.2 0.361 0.087 0,421 1.047 1.120 DELAM 
33.9 34.7 0.366 0.137 0.463 0.836 1.045 DELAM 
32.6 30.4 0.230 0.062 0.341 0.990 1.028 CLEAR 
36.0 34.7 0.281 0.081 0.405 0.953 1.015 CLEAR 
42.3 43.1 0.388 0.135 0.469 0.868 1.074 * 
33.9 30.0 0.351 0.061 0.281 1.234 1.270 DELAM 
39.2 35.5 0.469 0.085 0.350 1.204 1.270 DELAK 
31.6 29.9 0.304 0.080 0.378 1,003 1.061 CLEAR 
39.5 38.8 0.474 0.137 0.426 0.954 1.163 DELAM 
8-13 -320 
-423 
33.90 
34.50 
32.70 
22.76 
35.45 
27.88 
39.70 
38.60 
34.20 
4-8 
-9 
2219-T87 
Unwelded 
FTY-56.2 k s i  
FTY=68.0 k s i  
19-6 
-7 
-8 
75 
-320 19-9 
-10 
-11 
73-6 
-7 
-10 
-8 
73-11 
73-9 
7075-T73 
Unwelded 
FTY=57.4 k s i  
75 0.084 0.260 
0.106 0.382 
0.110 0.380 
0.130 1.070 
0.150 1.110 
0.323 
0.277 
0.289 
0.121 
42.25 
41.70 
33.30 
33.30 
FTY=66.5 k s i  -320 0.135 31.10 
>48.53 
39.1 41.2 0.346 0.145 0.507 0.793 1.019 DELAM 
* D E W .  IN FATIGUE PRECRACK 
TABLE I - PART-THROUGH-CRACK (PTC) TENSION-TEST RESULTS (cont.) 
MATERIAL, 
ELECTRODE h 
STRENGTH 
YIELD 
2014-T6 
4043 Wire 
FTY=20.6 ksi 
FTY=21.2 ksi 
FATIGUE PRECRACK 
DEPTH LENGTH 
(in.) (in.) 
--
 
FAILURE 
LOAD 
(Kips) 
16.16 
16.12 
9.89 
FRACTURE TOUGHNESS 
IRWIN PARIS 
T i - i n m  
17.0 15.8 
16.4 15.1 
12.1 12.9 
TEST 
SPECIMEN TEMP 
NUMBER (DF) 
PM43-1 75 
-2 
-3 
A o l q A O / B  A0/2C 
0.277 
0.288 
0.140 
FN/FTY 
1.374 
1.358 
l . . O l l  
1.596 
1.343 
1.220 
1.247 
1.243 
1.248 
1.356 P a 
rl 
P N
1.005 
0 a 982 R 
1.190 .P m 1.484 
1.269 
1.332 
1.300 a 
1.217 
1.244 
0.603 
1.233 
1.401 
0.702 
ro 
VI 
8 
k 
1.366 ?- 
FGIFTY 
1.252 
1.252 
0.771 
2.002 0.313 
1.997 0.313 
2.001 0.311 
0.140 0.505 
0.134 0.465 
0.162 1.160 
0.115 0.447 
0.107 0.428 
0.154 0.521 
0.114 0.362 
0.108 0.428 
0.146 0.447 
0.069 0.314 
0.108 0.408 
0.130 0.374 
1.494 
1.235 
0.994 
1.201 
1.139 
1.048 
PM43-4 -320 
-5 
-6 
PT19-1 75 
-2 
-3 
PT19-4 -320 
-5 
-6 
2.000 0.315 
2.000 0.315 
2.001 0.313 
1.998 0.312 
2.000 0.309 
1.997 0.305 
2.002 0.305 
2.002 0.310 
2.004 0.301 
0.114 0.450 
0.135 0.475 
0.140 1.055 
0.098 0.300 
0.126 0.520 
0.114 1.090 
0.095 0.300 
0.120 0.470 
0.135 1.080 
0.253 
0.284 
0.133 
0.327 
0.242 
0.104 
0.317 
0.255 
0.125 
19.95 
16.50 
13.20 
21.56 
20.28 
18.38 
27.11 
19.70 
16.32 
20.8 17.5 
16.7 15.5 
15.7 15.4 
17.7 15.9 
21.0 19.6 
21.1 19.9 
23.1 20.3 
18.8 18.1 
19.2 19.6 
12.0 12.5 
18.2 16.7 
12.3 11.5 
18.0 16.5 
17.3 16.3 
16.1 16.9 
15.7 14.4 
20.0 17.9 
6.5 8.4 
2014-T6 
2319 Wire 
FTY=28.8 ksi 
FTY=34.0 ksi 0.072 0.311 
0.092 0.387 
0.133 0.448 
0.064 0.580 
0.100 0.489 
0.080 0.335 
0.127 0.393 
0.119 0.447 
0.162 0.537 
0.100 0.386 
0.140 0.347 
0.274 0.700 
1.306 
0.934 
0.796 
1,112 
1.348 
1.019 
1,182 
1.172 
0.937 
2014-T6 
'd 4043 Wire 
&! FTY=22.0 ksi 
(D 
2 FTY=22.0 ksi 
PT43-11 75 
-21 
- 31 
2.005 0.157 
2.001 0.186 
2.008 0.191 
0.091 0.290 
0.091 0.477 
0,064 1.500 
0.118 0.730 
0.138 0.560 
0.165 1.090 
0.193 0.430 
0.173 0.610 
0.346 1.880 
0.055 0.244 
0.090 0.460 
0.115 1.210 
0.314 
0.191 
0.043 
7.70 
11.04 
8.60 
15.56 
15.90 
12.64 
25.59 
27.44 
6.35 
12.98 
13.30. 
3.44 
PT43-I3 75 
-23 
-33 
PT43-15 75 
-25 
- 35 
PT43-41 -320 
-51 
-61 
1.995 0.300 
1.995 0.309 
1.998 0.307 
2.000 0.500 
2.000 0.498 
2.003 0.494 
2.008 0.210 
2.007 0.201 
2.004 0.150 
0.162 
0.246 
0.151 
0.449 
0.284 
0.184 
0.225 
0.196 
0.095 
FTY-22.0 ksi 1.163 
1.252 
0.292 
1.202 
1.288 
0.447 
FTY=25.6 ksi 13.5 11.8 
19.6 18.0 
7.3 10.6 
0.051 0.262 
0.094 0.448 
0.109 0.767 
FTY=25.6 ksi PT43-43 -320 
-5 3 
-63 
1.997 0.314 
1.999 0.313 
2.004 0.312 
1.996 0.496 
2.000 0.496 
2.002 0.495 
0.122 0.406 
0.120 0.465 
0.150 1.170 
0,300 
0.258 
0.128 
19.90 
20 e 50 
10.68 
34.80 
31.00 
14.32 
16.35 
15.60 
10.88 
18.9 17.2 
20.6 18.6 
12.5 13.2 
0.094 0.388 
0.105 0.383 
0.141 0.481 
0.112 0.373 
0.154 0.423 
0.223 0.505 
0.079 0.367 
0.096 0.351 
0.134 0.418 
1.240 
1.280 
0.667 
1.373 
1.221 
0.564 
1.350 
1.287 
0.903 
1.322 
1.376 
0.856 
1.470 
1.372 
0.859 
1.438 
1.396 
1.176 
FTY=25.6 ksi PT43-45 -320 
-55 
-65 
0.185 0.450 
0.210 0.665 
0.250 1.730 
0.411 
0.316 
0.144 
0.359 
0.259 
0.123 
22.9 20.3 
23.8 22.1 
13.2 14.4 
19.0 16.9 
20.0 17.8 
16.6 16.4 
FTY=25.8 ksi PT43-10 -423 
-20 
- 30 
1.500 0.313 
1.501 0.313 
1.501 0.311 
0.115 0.320 
0.110 0.425 
0.130 1.060 
